HF Patients
Left ventricular (LV) tissues were obtained from explanted hearts of patients diagnosed with idiopathic dilated cardiomyopathy (IDC; 52 ± 3 years; n = 4 male, 6 female, mean ejection fraction 17 ± 2%). Nonfailing (NF) LV samples were obtained from patients who had no history of cardiac or pulmonary disease (46 ± 5 years; n = 4 male, 6 female; mean ejection fraction 48 ± 2%). All hearts were dissected and fl ash frozen in a timely manner to assure consistency between samples. There were no significant differences in mean age between the IDC and NF control groups. Nonfailing and failing hearts were obtained via an Institutional review board approved protocol maintained by the University of Colorado Health Sciences Center Cardiac Tissue Bank. Hearts donated for research purposes were obtained under written consent from family members of organ donors whose hearts could not be used for transplantation or by direct written consent from end-stage heart failure patients undergoing cardiac transplantation.
Echocardiographic measurements and assessment of general characteristics
Transthoracic echocardiography was performed on SHHF rats at the ages of 2 months (hypertensive), 15 months (compensated hypertrophy), and 22 months (terminal HF) under inhaled isofl urane anesthesia (5% initial, 2% maintenance) using a 12 MHz pediatric transducer connected to a Hewlett Packard Sonos 5500 Ultrasound system. Short axis M-mode echocardiograms on the left ventricle were obtained for measurement of LV internal diameters at diastole (LVIDd) and systole (LVIDs), LV fractional shortening (FS), ejection fraction (EF), anterior wall thickness (AWT) and posterior wall thickness (PWT) as described previously ( 12 ) . After echocardiographic measurements, SHHF rats were euthanized and the heart, liver, kidney and lungs were surgically removed and weighed to check the signs of hypertrophy and HF.
Preparation of subcellular fractions and assay of enzyme activities
Subcellular fractions were prepared from myocardial tissue as previously described ( 8, 16 ) . All isolation procedures were performed at 4°C. A 10% LV homogenate was prepared in buffer containing 0.25 M sucrose, 10 mM Tris-HCl, 0.145 M NaCl (pH 7.4) followed by homogenization with 50 strokes of a tight fi tting Dounce A homogenizer. The homogenate was centrifuged at 1,000 g for 10 min, and the resulting supernatant centrifuged at 12,000 g for 15 min. The resulting pellet was resuspended in 0.5 ml of homogenizing buffer by a tight fi tting Dounce A homogenizer and used as the source of mitochondrial fraction for assay of mitochondrial enzyme activities. The supernatant was centrifuged at 100,000 g for 1 h. The resulting pellet was resuspended in 0.5 ml of homogenizing buffer by a tight fi tting Dounce A homogenizer and used as the source of endoplasmic reticulum fraction to assay cytidinediphosphatediacylglycerol synthetase (CDS) activity. Phosphatidylglycerophosphate synthase (PGPS) and CL synthase (CLS) activities were determined as previously described ( 15, (17) (18) (19) . CDS activity was determined in mitochondrial fractions in accordance with the method given by Rusnak et al. ( 18 ) . In other experiments, 20 g of mitochondrial protein was assayed for monolysocardiolipin (MLCL) and phosphatidic acid (PA) and phosphatidylglycerol (PG) production in the presence of 70,000 dpm/nmol [1- 14 C]linoleneoyl CoA as described previously (19) (20) (21) (22) anisms responsible for CL alterations during the development of HF have not been previously investigated.
CL is biosynthesized in a series of steps from phosphatidic acid and must then be remodeled into a form which, in the heart, is linoleic acid (18:2) rich. Using electrospray ionization mass spectroscopy, previous studies in SHHF rats and humans have shown a signifi cant decrease in the form of cardiac CL containing four 18:2 side chains, tetralinoleoyl CL ((18:2) 4 CL). This is the CL molecular species that comprises 70-80% of cardiac CL in the rat or human heart and is required for the activity of cytochrome oxidase ( 9, 10 ) . The contents of minor CL species containing oleic acid (18:1), arachidonic acid (20:4), and docosahexaenoic acid (22:6) were increased in failing SHHF rat and humans hearts, indicating that there is a switch to an alternate form of CL remodeling during the development of HF. SD rats, which were free of pathology at the ages used, did not exhibit these drastic changes in CL ( 9 ) .
In the present study, we examined the activity and mRNA expression of enzymes involved in CL biosynthesis and remodeling in the SHHF rat, a well-established congenital model of idiopathic dilated cardiomyopathy ( 11 ) . The lean (Mcc fa cp Ϫ / Ϫ ) male SHHF rats used in this study typically exhibit severe hypertension by 5 months of age, which progresses to marked left ventricular hypetrophy by 15 months, and overt HF by 21-24 months of age ( 8, (12) (13) (14) . To complement studies in the SHHF rat, left ventricular (LV) tissue explanted from human HF patients and nonfailing Sprague Dawley (SD) rats were also examined. We hypothesized that alterations in CL biosynthetic and remodeling enzymes contribute to the CL alterations seen in the development of HF and may therefore represent targets for pharmacotherapeautic modulation. 
MATERIALS AND METHODS

Materials
CDP-diacylglycerol synthase 1 (CDS-2) rat NM_031242 5 ¢ -GGA GAT TCC GAT GTT CCT GA -3 ¢ 5 ¢ -CCA CGA ATC CAC CAG TTC TT-3 ¢ SYBR Green 1 110 CDP-diacylglycerol synthase 1 (CDS-2) rat NM_053643.1
RNA isolation and real time PCR assay
Standard RNA was prepared from LV tissue samples by the T7 polymerase method as previously described by Young et al. ( 23 ) . cDNA standards for tafazzin (TAZ) were derived from cDNA clones containing the appropriate assay specifi c sequences obtained from Invitrogen Corporation (clone ID 7387882 and 7312046, respectively). The absolute quantifi cation for CLS was determined by the input copy number of the transcript of interest with the PCR signal to a standard curve. The same total sample RNA (300 ng) was used for each quantitative RT-PCR reaction and reaction conditions were as previously described (24) (25) (26) . To quantify PGPS and CDS-1, SYBR Green 1 was used due to the unavailability of specifi c probes. Since SYBR Green 1 can detect specifi c and nonspecifi c PCR products as it can bind to double standard DNA in a sequence independent manner ( 27 ), a melting curve analysis was performed at the end of each experiment to confi rm the absence of primer-dimers in specifi c PCR products. Primer sequences are shown in Table 1 . Each real time PCR procedure was carried out in duplicates, and at least three separate experiments were performed. All PCR results used mRNA copy number normalized to either the youngest or the nonfailing group to facilitate clear comparisons between species.
Statistical analysis
Data are expressed as means ± SEM. The differences between two groups were evaluated by Student's t -test. The data from more than two groups were evaluated by one-way ANOVA followed by the Tukey test. Values showing P < 0.05 were considered statistically signifi cant unless otherwise indicated.
RESULTS
Echocardiographic analysis and general characteristics of SHHF rats
Between the ages of 2 and 15 months, echocardiographic data from SHHF rats indicated signifi cant increases in LV chamber diameter and wall thickness with only minor decreases in EF or FS, consistent with the development of compensated LV hypertrophy resulting from chronic hypertension ( Table 2 ). From the age of 15 months to 22 months, hearts exhibited pronounced LV chamber dilatation, anterior wall thickening, and contractile dysfunction. PWT decreased signifi cantly from 15 months to terminal HF. All of these changes are consistent with the late stages of disease in this model.
Cardiac hypertrophy was also refl ected by increased heart weight, LV, right ventricle, and heart-to-body-weight ratios at 15 and 22 months of age compared with 2-monthold animals ( Table 3 ). The presence of pulmonary edema in 15-and 22-month-old animals was refl ected by 24% and 120% increases in the wet weight of lungs, respectively. Signifi cant increases in left and right kidney weights at 15 and 22 months refl ect a severely compromised kidney function in these animals. Likewise, the liver weight was increased by 39% and 65% in 15-and 22-month-old SHHF rats, respectively.
Alterations in enzyme activities and products involved in CL biosynthesis
Previous studies have shown a decrease in the total amount of CL in interfi brillar mitochondria during the development of HF in SHHF rat hearts and in LV tissue in human HF patients ( 8 ) . To investigate the biochemical alterations in CL biosynthesis during the development of HF, three enzymes involved in the biosynthetic pathway of CL were studied: CDS, PGPS, and CLS. All studies were carried out with LV tissue as SHHF rats exhibit selective LV contractile dysfunction ( 28 ) .
CDS. The activity of CDS, a rate limiting enzyme in CL biosynthesis ( 15, 19, 29 ) , was increased signifi cantly at 15 and 22 months in comparison to 2-month-old SHHF rats ( Fig. 1A ) , while CDS activity in the endoplasmic reticulumrich microsomal fraction remained unaltered in the pro- ( Fig. 2B ) . This difference could indicate posttranslational control of PGPS activity. The amount of PA+PG formed, which is an indication of the activity of the enzyme activities up to the CLS step (see Fig. 5 ), was reduced by 45% and 48% in 15-and 22-months-old SHHF rats, respectively ( Table 4 ) .
CLS. The activity of CLS in the mitochondrial fraction was decreased by 20% at 15 months of age and 57% by 22 months of age ( Fig. 3A ) . Likewise, the gene expression of CLS was decreased by 50% and 80% in 15-and 22-months-old SHHF rats, respectively ( Fig. 3B ) . Human mRNA, however, showed no signifi cant alterations in CLS mRNA ( Fig. 3C ) .
Alterations in CL remodeling
There are major alterations in CL composition in SHHF rats and humans during HF ( 8, 9 ) suggesting an alteration of CL remodeling.
MLCL AT and acyl-CoA: lysocardiolipin acyltransferase-1 (ALCAT1)
In SHHF rats, the rate of formation of MLCL, an intermediate product in the remodeling of CL ( 20 ), was reduced by 50% in 15-months-old SHHF and 36% in 22-months-old SHHF rats compared with 2-months-old animals ( Table 4 ) . MLCL AT activity, which can place an acyl group on the MLCL, was increased 3-and 5-fold in 15-and 22-months-old SHHF rats, respectively, compared with 2-months-old rats ( Fig. 4A ). On the other hand, the gene expression of ALCAT1, an endoplasmic reticulum (ER) MLCL AT ( 33 ) , remained unaltered at different age groups of SHHF rats ( Fig. 4B ) .
TAZ. Gene expression of tafazzin (TAZ), which encodes a CL transacylase involved in CL remodeling ( 34 ) , was signifi cantly reduced in 15-and 22-months-old SHHF rats compared with 2-months-old animals ( Fig. 4C ) . It also was decreased in failing human hearts ( Fig. 4D ). This is a novel fi nding in that it is the fi rst indication that the CL changes seen in HF may be infl uenced by the same gene altered in Barth Syndrome. No signifi cant changes in TAZ expression were seen in nonfailing hearts from SD rats ( Fig. 4E ) .
DISCUSSION
In the present study, we observed discordant regulation of CL biosynthetic and remodeling enzymes at the activity and gene expression level in hypertensive, preHF, and HF in SHHF rats. The results are summarized in the pathway shown in Fig. 5 . In mammalian heart, de novo biosynthesis of CL begins in the mitochondrial membrane initially by the conversion of PA to cytidine-5 ¢ -diphosphate-1, 2-diacylglycerol (CDP-DAG) catalyzed by CDS. Pulse chase labeling studies in the isolated rat heart indicated that CDS catalyzes a rate limiting step in CL de novo biosynthesis ( 19 ) . Since CDS enzyme activity is localized to both the gression to HF ( Fig. 1B ) . There are two known genes coding for CDS: CDS-1 and CDS-2. In HF, CDS-1 mRNA levels mimic mitochondrial activity ( Fig. 1C ) , but CDS-2 mRNA levels fall in both SHHF rats and humans ( Figs. 1D, 1E ) but are unaffected in SD rats ( Fig. 1F ) . Because of limited availability of human heart tissue, no attempt was made to check the status of CDS-1 mRNA in humans. Northern blot studies performed by Lykidis et al. ( 30 ) have shown no expression of CDS-1 mRNA in human heart. However, another study indicated the presence of CDS-1 mRNA in human heart ( 31 ). These differences may have been due to cross-hybridization of CDS-1 probes with CDS-2 mRNA ( 32 ).
PGPS. The activity of PGPS, the committed step in CL biosynthesis, in the mitochondrial fraction was increased by 21% and 98% at 15 and 22 months of age in comparison to 2-month-old SHHF rats, respectively ( Fig. 2A ) . The Values are mean ± SEM; n = number of rats. BW, body weight; HW, heart weight; HW/BW, heart weight-to-body weight ratio; LVW, left ventricular weight; RVW, right ventricular weight; SHHF, spontaneously hypertensive heart failure. claimed that CDS-1 did not seem to encode the mitochondrial specifi c isozyme in COS-7 cells ( 30 ) . It has been shown previously that an increase in CDS activity was associated with increased secretion of the pro-infl ammatory mediators, tumor necrosis factor-␣ , and interleukin-6, from ECV304 cells upon stimulation with interleukin-1 ␤ ( 36 ). An increase in tumor necrosis factor-␣ and interleukin-6 content has been observed in SHHF rats at 15 months of age ( 12 ) , indicating that increased CDS activity as observed in the present study may be related to the increased secretion of these infl ammatory mediators, which are known to cause contractile dysfunction ( 37 ) . However, further studies are needed to fi nd a direct relationship between contractile dysfunction, CDS activity, and release of pro-infl ammatory mediators at compensated and terminal stages of HF in SHHF rats.
endoplasmic reticulum and mitochondria, we measured its activity in both these subcellular fractions in the hearts of SHHF rats. Interestingly, the activity of cardiac CDS was increased in the mitochondrial fraction during HF development in SHHF rats. In contrast, there were no alterations in CDS enzyme activity in cardiac microsomal fractions prepared from these animals. A previous study in rat liver concluded that CDS enzyme activity may be regulated differently in endoplasmic reticulum and mitochondria ( 35 ) . The current study supports that observation and extends alternate regulation of CDS enzyme activity to the heart. Fig. 1 shows that CDS-1 and CDS-2 mRNA were inversely altered during HF development in SHHF rats, suggesting an interplay between these two transcripts. CDS-1, which mimics the mitochondrial CDS activity, may be the larger infl uence on the activity, although a previous study Activity in mitochondrial fraction from SHHF rats; (B) Activity in microsomal endoplasmic reticulum fraction from SHHF rats; (C) CDS-1 mRNA from SHHF rats; (D) CDS-2 mRNA from SHHF rats; (E) CDS-2 mRNA in human nonfailing (NF) or idiopathic dilated cardiomyopathy (IDC); and (F) CDS-2 mRNA from Sprague Dawley rats. All PCR data is expressed as mean ± SEM with the young rats or NF humans as 100%. N = 4 (rats) and 10 (humans) per group. * P < 0.05 vs. 2 month SHHF rats or NF humans. SHHF, spontaneously hypertensive heart failure.
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The committed step of CL biosynthesis is the condensation of CDP-DAG with sn -glycerol-3-phosphate to form PG phosphate catalyzed by PGPS ( 38 ) . Both PGPS enzyme activity and its mRNA expression were increased at 15 months in SHHF rats compared with 2-months-old animals. PGPS activity was further increased in 22-months-old SHHF rats. The difference in the pattern of PGPS activity and expression may be related to possible post-translational modifi ca- . All PCR data is expressed as mean ± SEM with the young rats or NF humans as 100%. N = 4 (rats) and 10 (humans) per group. * P < 0.05 vs. 2-month SHHF rats or NF humans. SHHF, spontaneously hypertensive heart failure.
tion of the enzyme in HF. Due to the unavailability of commercially available immunoprecipitating antibodies for PGPS, the translational level of this transcript was not measured in the present study. A previous study showed, using an epitope-tagged Pgs1p, that PGPS enzyme activity could be modifi ed by phosphorylation in Saccharomyces cerevisiae ( 39 ) . The possibility of post-translational alteration of PGPS during the development of HF will form the basis for a future study. The fi nal step of mammalian de novo CL biosynthesis involves the conversion of CDP-DAG and PG to CL and is catalyzed by CLS ( 29, 40 ) . CLS enzyme activity and its mRNA expression were decreased during the development of HF in SHHF rats but not in humans.
The decreased enzyme activity of CLS in mitochondria as well as attenuated gene expression of CLS may be responsible for the observed decrease in CL content at 15 and 22 months of HF in SHHF rats. The disparity of the human data from the rat data may be due to large variations in the human subjects, genetic differences between rats and humans, or pharmaceutical interventions that these patients underwent before transplant. The present study indicates that although CDS and PGPS enzyme activities were increased, the ability to sustain substrates for CL de novo biosynthesis during development of HF in SHHF rats was still compromised, at least in interfi brillar mitochondria. This was confi rmed by the decreased amount of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]linoleate incorporated into PA+PG formed in mitochondria at 15 and 22 months in SHHF rats compared with 2-months-old animals. The decreased availability of CTP, which is known to regulate the CL biosynthesis in isolated heart ( 40 ), may account for such a decrease in PA+PG in compensated and terminal mRNA from SHHF rats; (C) Tafazzin (TAZ) mRNA from SHHF rats; (D) TAZ mRNA in human nonfailing (NF) or idiopathic dilated cardiomyopathy (IDC); and (E) TAZ mRNA from Sprague Dawley rats. All PCR data is expressed as mean ± SEM with the young rats or NF humans as 100%. N = 4 (rats) and 10 (humans) per group. * P < 0.05 vs. 2-month SHHF rats or NF humans. SHHF, spontaneously hypertensive heart failure.
by guest, on August 15, 2017 www.jlr.org Downloaded from CAT1 in the ER for the resynthesis of CL remains to be determined. Newly synthesized CL also undergoes hydrolytic degradation via deacylation to MLCL in mammalian tissues via phospholipase A 2 (PLA 2 ) ( 45 ) . Alterations in Ca 2+ -independent PLA 2 (iPLA 2 ) have been shown to contribute to diminished cardiac function in failing hearts due to myocardial infarction ( 46 ) . Although a recent study by Mancuso et al. ( 47 ) has demonstrated that genetic ablation of iPLA2 ␥ causes a signifi cant decrease in tetra 18:2 CL with abnormal mitochondrial function, no attempt was made to check the status of different PLA 2 in SHHF rats. Further studies targeting specifi cally at the catabolism of CL are needed to address this complex issue in SHHF rats. Nevertheless, this study is the fi rst to suggest that alterations in functional Taz gene expression may contribute to HF in the absence of Barth Syndrome. Factors responsible for regulating Taz gene expression in the healthy and diseased heart are unknown and are currently being investigated in our laboratories.
To our knowledge, this is the fi rst study showing the pattern of alterations in various enzymes involved in CL biosynthesis and remodeling in HF. Since the SHHF rat model has been shown to exhibit common signs of human HF ( 8, 12 ) , this study provides the preeminent characterization between compensated and later stages of HF. Though the data in this study on humans is limited, it gives an insight into the similarities (and differences in the case of CLS) present between humans and SHHF rats in failure. The SD rat data also serves to distinguish between HF and nonpathological aging, which is an important distinction, especially with CL, which for years was presumed to decrease with age and has now been shown to have mostly pathology-related alterations ( 8 ) . stages of HF because CTP is required for CDS activity in vivo. The increased in vitro CDS and PGPS enzyme activities observed in the current study may be a compensatory mechanism for the observed decreased activity and mRNA expression of CLS during the development of HF.
A signifi cant loss of cardiac tetralinoleoyl CL has been demonstrated in SHHF rats and in patients with idiopathic dilated cardiomyopathy ( 8 ) . Newly synthesized CL undergoes remodeling to form 18:2-rich CL ( 20, 22, 38 ) . Previous studies have demonstrated that linoleoyl enrichment of CL is achieved by a CL transacylase encoded by the Taz gene ( 41 ) or by transfer of linoleoyl-CoA to MLCL by MLCL AT ( 29, 34 ) . However, we observed a signifi cant increase in MLCL AT activity, which may be a compensatory response to a decrease in CL remodeling by the Taz pathway. Indeed, we observed a remarkable over 90% decrease in TAZ mRNA expression during the development of HF in SHHF rats and humans. Nonfunctional mutations in the TAZ gene lead to decreased L 4 CL content ( 32, 42 ) , destabilization of mitochondrial supercomplexes ( 43 ) , mitochondrial dysfunction, and energy production ( 44 ) , and are responsible for the severe X-linked cardioskeletal myopathy known as Barth Syndrome ( 41 ) . In contrast to TAZ, the gene expression of ALCAT1, an enzyme which is capable of the in vitro resynthesis of CL from exogenous MLCL in the ER ( 33 ) , remained unaltered in all age groups of SHHF rats. CL is synthesized on the inner side of the inner mitochondrial membrane and is localized to mitochondria ( 19 ) . The physiological signifi cance of AL- 
